The objective of this study was to quantify C and N mineralization rates from a range of organic amendments that differed in their total C and N contents and C quality, to gain a better understanding of their influence on the soil N cycle. A pelletized poultry manure (PP), two green waste-based composts (GWCa, GWCb), a straw-based compost (SBC), and a vermi-cast (VER) were incubated in a coarsetextured soil at 15°C for 142 d. The C quality of each amendment was determined by chemical analysis and by 13 C nuclear magnetic resonance (NMR). Carbon dioxide (CO 2 -C) evolution was determined using alkali traps. Gross N mineralization rates were calculated by 15 N isotopic pool dilution. The CO 2 -C evolution rates and gross N mineralization rates were generally higher in amended soils than in the control soil. With the exception of GWCb all amendments released inorganic N at concentrations that would be high enough to warrant a reduction in inorganic N fertilizer application rates. The amount of N released from PP was high indicating that application rates should be reduced, or alternative amendments used, to minimize leaching losses in regions where ground water quality is of concern. There was a highly significant relationship between CO 2 -C evolution and gross N mineralization (R 2 5 0.95). Some of the chemically determined C quality parameters had significant relationships (p , 0.05) with both the cumulative amounts of C and N evolved. However, we found no significant relationships between 13 C NMR spectral groupings, or their ratios, and either the CO 2 -C evolved or gross N mineralized from the amendments.
N isotopic pool dilution. The CO 2 -C evolution rates and gross N mineralization rates were generally higher in amended soils than in the control soil. With the exception of GWCb all amendments released inorganic N at concentrations that would be high enough to warrant a reduction in inorganic N fertilizer application rates. The amount of N released from PP was high indicating that application rates should be reduced, or alternative amendments used, to minimize leaching losses in regions where ground water quality is of concern. There was a highly significant relationship between CO 2 -C evolution and gross N mineralization (R 2 5 0.95). Some of the chemically determined C quality parameters had significant relationships (p , 0.05) with both the cumulative amounts of C and N evolved. However, we found no significant relationships between 13 C NMR spectral groupings, or their ratios, and either the CO 2 -C evolved or gross N mineralized from the amendments.
T HE APPLICATION of organic amendments to soil is increasing as both an environmentally favorable waste management strategy and as a means of improving soil organic matter (SOM) content in low-fertility soils. The incorporation of soil amendments requires appropriate management strategies that will support crop production and protect water quality (Mamo et al., 1999) . Metropolitan Perth, Western Australia, has a population of approximately 1.8 million people and produces .1.2 million Mg of organic waste annually. A combination of waste reduction strategies, including the production of organic soil amendments, are currently being employed in an effort by the waste management industry to reduce pressure on landfill sites. Currently commercial organic amendments are produced from domestic garden waste (lawn and tree clippings) and/or manures from intensive commercial animal (poultry, swine, and bovine) production. Treatment of these waste products includes composting for various lengths of time, processing through earthworms, or drying and pelletizing.
The horticultural industry is being targeted as the main end-user of organic amendments due to the high economic returns and close proximity of this industry to urban centers where composting facilities are established; thus minimizing transport costs. Western Australian vegetable production accounts for about 40% of Australia's vegetable exports and covers around 11 100 ha (Hutchison, 2002) . This area is dominated by coarsetextured soils with low SOM and clay content (,2%), poor water and/or nutrient retention, and low microbial populations. With two or three crops (mainly carrots, lettuce, potatoes, or broccoli) produced per year and inorganic N fertilizer applications at rates up to 400 kg N ha 21 per crop, the potential for N to be leached from these systems is high even when inorganic fertilizer application is split throughout the growing season (Hutchison, 2002) . Traditionally raw animal manures have been applied to soil but the practice was legislated against due to problems with odor and insect breeding (especially stable fly) in unprocessed manure piles (Hutchison, 2002) . Composting has proven to be an effective process for reducing fly and odor problems in manures (Cook et al., 1997) .
Considerable research has shown the benefits of using composts and other amendments to improve soil physical (water holding capacity, porosity, and bulk density), chemical (pH, electrical conductivity, and nutrient content), and biological properties such as soil microbial populations and plant growth (Mamo et al., 1999; Stoffella and Kahn, 2001; Wolkowski, 2003) . However, there are few detailed studies on how amendments impact on soil processes and thus effect crop production. Organic amendments vary greatly in their composition and degree of stabilization and thus their capacity to release nutrients is often ignored or overestimated (Sikora and Szmidt, 2001) . Soil N supply from organic amendments depends on both the initial availability of inorganic N in the amendments and also the longer-term rate of mineralization and subsequent immobilization of N. This means that organic amendments can either be a source of plant available N or compete with plants for it. To successfully manage nutrient cycling from organic amendments it is therefore necessary to know their decomposition rate and the influence this will have on N processes within the soil (Ambus et al., 2002; Gabrielle et al., 2004) .
Nitrogen mineralization-immobilization turnover de-pends on a variety of factors with the C to N ratio being regarded as the single most predictive measurement of the N mineralization capacity of composts (Sikora and Szmidt, 2001 ). The C to N ratio is commonly used to asses whether plant residues will release or immobilize inorganic N (Nicolardot et al., 2001; Hadas et al., 2004) . In situations where plant growth occurs over several months or years the C to N ratio of compost can be an adequate predictor of the amendment's impact on N cycling and hence on crop performance. However, during shorter crops (e.g., 10 wk for a summer-grown lettuce crop) other predictive measures may be required (Gilmour, 1998) . Carbon complexity influences the rate of microbial SOM decomposition (Bernal et al., 1998b; Kogel-Knaber, 2002) and thus regulates amendment stability and N release (Bernal et al., 1998a) , as easily degradable forms of C are preferentially utilized by microbial populations. The total C to N ratio will not necessarily give a good indication of an amendment's potential N supply (Ambus et al., 2002) . Here measures of the more bioavailable C components of the amendment may need to be defined, such as those determined by chemical characterization and solid state 13 C nuclear magnetic resonance (NMR). The size and activity of the soil microbial community will also influence N cycles within the soil (Bengtsson et al., 2003) . Previous studies have identified 13 C NMR characteristics of organic matter and compost or suggested maturity indexes for composts based on chemical C characteristics, bioassays, and inorganic N traces (Bernal et al., 1998a (Bernal et al., , 1998b (Bernal et al., , 1998c Rowell et al., 2001; Smernik and Oades 2000a) . Rowell et al. (2001) used 13 C NMR parameters to model net N mineralization from biosolid-based amendments. However, there has been little work on these relationships to the absolute supply capacity of the organic amendment (i.e., gross N mineralization).
The aim of this study was to quantify the pattern of C and N decomposition (mineralization rates) from a range of organic amendments that differ in their C to N ratio and C quality. The size and activity of the soil microbial population was also measured to determine what, if any, differences were observed after incorporation of the amendments. This information is required to develop guidelines for amendment incorporation into commercial horticultural production systems.
MATERIALS AND METHODS Soil
The 0-to 10-cm layer of a coarse-textured sand (0% silt, 2% clay, 98% sand; pH [1:5] 5 5.85 in 0.5 M CaCl 2 ; electrical conductivity [1:5] 5 4.25 mS m 21 ; total C 5 0.72%; total N 5 0.05%) was collected from the Medina Horticultural Research Station, near Perth, Western Australia (32858.59 S, 1158529 E). Soil was sieved to 5 mm and slightly dried (to approximately 40% water holding capacity) at 258C for 36 h. Soil was then mixed and stored for 5 d, in the dark at 48C before use.
Amendments
Five commercially produced organic amendments with varying C qualities were assessed (Table 1 ). Compressed poultry Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved. manure pellets (PP) (3 3 10 mm) comprising 90% manure and 10% straw were manufactured using manure that was 6 to 10 wk old. During the manufacturing process the manure was heated to approximately 708C and dehydrated. Green waste-based composts containing 90% green waste (lawn and tree clippings) and 10% poultry manure were composted using 1.5-3 20-m aerobic windrows for 18 wk (GWCa) or 24 wk (GWCb) . GWCa is what the manufacturer terms ''finished'' and ready for sale. GWCb was derived from an earlier batch of GWCa that underwent a further maturation phase to simulate the storage period that typically occurs between the purchase and application of the finished product. It was necessary to generate GWCb from an earlier batch of GWCa so that both products were ready to use at the start of this incubation study. Straw-based compost (SBC) was composed of 35% straw, 30% pig manure, 5% sawdust, and 30% spent mushroom compost, based on pig manure and straw. This had been composted for 12 wk also using windrows and was classified as ''finished.'' The vermi-cast (VER) amendment was the casting collected from earthworms fed a mixture of 20% grape marc (seed, skin, and stalks) and 80% semicomposted straw and manures (pig, poultry, and bovine). The castings contained small worm eggs, which were removed by hand to prevent hatching. All amendments were obtained from producers a maximum of 3 d before the start of the incubation. Amendments were sieved (,3 mm) and any large material was cut to ,3 mm before storage in the dark at 48C until use. All percentages reported for the compost mixes above are approximates on a per volume basis.
A subsample of each amendment was dried (408C) and finely ground for characterization. Total C and N contents were determined using a CHN 1000 elemental analyzer (LECO, St. Joseph, MI). Acid detergent fiber, cellulose, and lignin contents were determined in duplicate using a fiber analyzer from ANKOM (Macedon, NY). Total ash content was determined by loss on ignition (3 h, 5008C).
Solid state 13 C cross polarization (CP) NMR spectra were acquired at a frequency of 50.3 MHz on a Varian (Palo Alto, CA) Unity 200 spectrometer. Samples were packed in a 7-mmdiameter cylindrical zirconia rotor with Kel-F end-caps and spun at 5000 6 100 Hz in a Doty Scientific (Columbia, SC) Magnetic Angle Spinning probe. Cross polarization spectra were acquired using a contact time of 1 ms. The recycle delay was set to at least 20 times the ''null time'' of the inversion recovery experiment resulting in a 0.5-s delay for the composts (GWCa, GWCb, and SBC) and a 2-s delay for VER and PP. Spin counts were performed using the method of Oades (2000a, 2000b) using glycine (AR grade; Ajax Chemicals, Seven Hills, NSW, Australia) as a reference. A correction was made for signal loss through T 1r H relaxation during the contact time of the CP experiment. The average T 1r H was determined by linear regression of ln (intensity) against spin lock time for the variable spin lock experiments (Smernik et al., 2002) . The observed C values were highly correlated with C content (R 2 5 0.88), so although 30 to 56% of the potential 13 C NMR signal was unaccounted for, much of the signal loss was likely to be nonselective and should not change the distribution of signal through the spectrum (Smernik and Oades, 2000b) .
Laboratory Incubations
Each organic amendment was uniformly incorporated into subsamples of soil at a rate equivalent to 30 m 3 ha 21 (12 g dry material per 500 g soil) which is the recommended field application rate for green waste-based composts. Deionized water was used to bring all soils to 75% water holding capacity (9% gravimetric moisture) and this was adjusted weekly. Each subsample of soil was stored in a plastic container (750 mL) with lids containing 3-mm-diameter holes to enable gas exchange. Containers were randomized and incubated in the dark for up to 142 d (approximately one winter crop cycle for lettuce production) at 158C (average daily temperature during winter). Containers were destructively sampled on Days 3, 9, 16, 23, 37, 51, 82, 107, or 142 .
Carbon Dioxide Evolution
Soil CO 2 -C evolution rates were determined using static incubation vessels (7 d, 158C) containing the equivalent to 50 g dry soil and 10 mL of 0.5 M KOH. The KOH was then titrated with 0.1 M HCl to an end point pH of 8.3 (Anderson, 1982; Alef, 1998) . The cumulative amount of CO 2 -C evolved was calculated based on the measured daily CO 2 -C evolution rate.
Microbial Biomass
Microbial biomass was determined by fumigation-extraction (Vance et al., 1987 ) using a 7-d chloroform fumigation period as recommended by Sparling and Zhu (1993) for similar Western Australian soils. Briefly, 20 g (dry weight equivalent) of soil, either fumigated or nonfumigated, was mixed in a 1:4 ratio with 0.5 M K 2 SO 4 , shaken for 1 h, and filtered through Whatman (Maidstone, UK) number 42 filter papers that had been prewashed with deionized water. Extracts were then stored at 2188C until analysis. Microbial biomass carbon (MB-C) was determined using high temperature oxidation (TOC-5000A; Shimadzu, Kyoto, Japan) and calculated as the total oxidizable carbon flush multiplied by a conversion factor (k EC 5 2.64; Vance et al., 1987) . Microbial biomass nitrogen (MB-N) was analyzed by ninhydrin-positive compounds (NPC) (Brookes et al., 1985) and calculated as the NPC flush multiplied by a conversion factor (k EN 5 3.5; Sparling and Zhu, 1993) .
Gross Nitrogen Transformations
Gross N mineralization rates were determined by 15 N isotopic pool dilution. The principle and assumptions of this technique have been reviewed elsewhere (Murphy et al., 2003) . Briefly, this process involved first enriching the soil NH 4 1 pool with 15 N to increase the enrichment above natural abundance. The dilution of the 15 N enrichment in the NH 4 1 pool and the change in size of the NH 4 1 pool is then traced through time as organic matter is mineralized, releasing NH 4 1 at natural abundance. Gross N mineralization rates were determined on Days 3, 9, 16, 56, 81, and 142 . In this study all soil incubations were conducted at 65 to 75% water holding capacity. For this reason we chose to deliver the 15 N label to soil using the simpler method of applying 15 N solution instead of 15 NH 3 gas injection which does not alter the soil water content (Murphy et al., 1997) . Previous studies (Murphy et al., 1999; Luxhøi et al., 2005) . Immediately after labeling the soil was mixed thoroughly and put into 250-mL containers that were covered to minimize water loss and incubated at 158C. At three time intervals after 15 N labeling (2, 24, and 48 h), 50 g of 15 N-labeled soil (dry wt. equivalent) was removed and the NH 4 1 -N and NO 3 2 -N extracted using 200 mL 0.5 M Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
K 2 SO 4 . Soil plus solution was shaken for 1 h, centrifuged at 2000 rpm for 5 min, and then filtered through Whatman number 41 filter papers using Buchner funnels under vacuum. Filtrate was collected and stored at 2188C until analysis. Soil remaining on the filter paper was washed twice with 200 mL of deionized water, dried (408C), and ground using a ringmill grinder.
All filtrates were analyzed for NH 4 1 -N and NO 2 2 -N 1 NO 3 2 -N on a Skalar (Breda, the Netherlands) San plus system continuous flow colormetric analyzer. The diffusion method of Brooks et al. (1989) with slight modifications (incubated at 208C for 7 d) was used to obtain separate 15 N enrichments for both the NH 4 1 -N and NO 2 2 -N 1 NO 3 2 -N pools. A continuous flow system using a Tracermass Ion Ratio Mass Spectrometer and Roboprep preparation system (Europa PDZ, Crewe, UK) was used to determine 15 N enrichments of the acidified diffusion discs and of 50-mg samples of the residual soil. Gross N mineralization rates where determined using the analytical equation of Kirkham and Bartholomew (1954) . Net N mineralization rates were calculated as the difference between inorganic N values in extracts on subsequent sampling times divided by the time interval between the sampling periods.
The cumulative masses of CO 2 -C evolved and cumulative gross N mineralized over the 142-d incubation period were estimated for each amendment based on linear extrapolation between the periodically measured time points. This approach has been used by other authors in similar studies (Andersen and Jensen, 2001; Ambus et al., 2002; Cookson et al., 2002) where it is not practical to measure C and/or N flux rates on a daily basis. The cumulative amount of N mineralized was predicted based on the CO 2 -C evolution rates, using Eq. To increase the robustness of this prediction (i.e., from five to six amendments) we also included published CO 2 -C evolution and gross N mineralization data for a grape marc amendment (Flavel et al., 2005) . Chemical characteristics of the grape marc were as follows: total C 5 42.6%, total N 5 2.7%, NH 
Statistical Analysis
Statistical analysis was performed using SPSS Version 10 ( Coakes and Steed, 2001) . Repeated measure ANOVAs (p , 0.05) were used for time series data as detailed by Webster and Payne (2002) . Spearman's correlation coefficients were used to determine significant (p , 0.05) relationships between amendment quality parameters and cumulative amounts of mineralized C or N from the amendments.
RESULTS

Soil Carbon Dioxide-Carbon Evolution
Soil CO 2 -C evolution rates varied significantly among treatments (Fig. 1) . The control (Fig. 1a) remained low (,2 mg CO 2 -C kg 21 d 21 ) for the duration of the incubation. Treatment PP was initially much higher than the other amendments at .85 mg CO 2 -C kg 21 d 21 , then showed a rapid decline in CO 2 -C evolution rates over time so that by Day 82 rates were of similar magnitude to the other amendments (Fig. 1b) . GWCb had a higher CO 2 -C evolution rate than GWCa; however, this difference was only significant (p , 0.05) on Days 3 and 37. The SBC treatment was also lower than GWCb. The CO 2 -C evolution rates from GWCa, GWCb, and SBC treatment peaked on Day 51 and were 12.4, 15.6, and 10.4 mg CO 2 -C kg 21 d
21
, respectively. By Day 142 only PP and GWCa had CO 2 -C evolution rates significantly different from the control soil.
By Day 70 PP treatment had respired CO 2 -C equivalent to 36% of the C initially added in the amendment, and between Days 70 and 142 the further CO 2 -C evolved equated to a further 10% of the added C. The other amendments (SBC, GWCa, GWCb, and VER) had evolved similar percentages of their total C by Day 70 (7.7, 7.3, 11.0, and 6.9%, respectively). The amount of CO 2 -C evolved over the 142 d as a percentage of the C added with each amendment was in the order PP . GWCb $ GWCa $ SBC . VER.
Microbial Biomass
The MB-C in the control soil did not significantly change through the incubation and fluctuated between 41 and 85 mg C kg 21 (Fig. 2a) . However, MB-N significantly increased in the control between Day 0 (6 mg N kg (Fig. 2a) . The MB-C in all amended soils was higher than in the control soil on all sampling times except in GWCa on Days 37 and 82. The MB-C in GWCb peaked at Day 23 (Fig. 2d) , all other amended soils peaked at Day 16 (Fig. 2b, 2c, 2e, 2f ) then decreased over the next two samplings. Microbial biomass C then remained relatively constant and at values similar to those at the start for each product except for GWCa, GWCb, and SBC, which increased again at the final samplings (Fig. 2c-2e ). This late increase was not apparent in MB-N values (Fig. 2c-2e) .
The amount of MB-N as a percentage of the total N available to the microbes (soil N 1 amendment N) was significantly higher in the PP-amended soils at 5.2%. There was no significant difference (p . 0.05) in MB-N as a percentage of the total N between the control (1.3%), GWCa (1.2%), and GWCb (1.8%) treatments or between SBC (2.2%), VER (2.4%), and GWCb. When averaged over the entire incubation the mean MB-C to MB-N ratio for each amendment was not significantly different and ranged from 5.8 to 6.9 for amendments, with 6.2 for the control soil.
Soil Inorganic Nitrogen Concentrations
With the exception of the PP treatment the soil NH 4 1 -N concentrations remained low (,5 mg NH 4 1 -N kg 21 ) in amended soils for the duration of the incubation and were not significantly different from the control (Fig. 3) . The PP treatment had a higher concentration of NH 4 1 -N between Days 3 and 51 which then decreased Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
as NO 3
2 -N increased (Fig. 3b) . Nitrate N concentrations in the control and VER-and SBC-amended soils increased over the duration of the incubation (Fig. 3a, 3e, 3f) . In GWCb-amended soils the NO 3 2 -N concentration was not significantly different from zero during the incubation period (Fig. 3d) . GWCa was the only product in which NO 3 2 -N concentrations decreased with time (Fig. 3c ).
Nitrogen Mineralization
Net N mineralization rates for the control soil were low throughout the incubation period and ranged from 20.01 to 0.3 mg N kg 21 d 21 with a mean of 0.11 (SEM 5 0.04) mg kg d
21
. When averaged over the length of the incubation period, the net N mineralization rates in all amendments were not significantly different from the control soil (data not shown).
Gross N mineralization rates in the amended soils were generally higher than the control soil; however, these differences were not always significant (Table 2) . By Day 142 the cumulative amounts of gross N mineralized for each amendment were 109, 127, 133, 177, and 1052 mg N kg 21 for GWCb, GWCa, VER, SBC, and PP, respectively. In the PP treatment the cumulative gross N mineralized equated to 137% of the N added in PP while in the other amendments the range was between 29 and 65% of the N originally incorporated within the amendment. There was a strong relationship Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
(R 2 5 0.946) between cumulative gross N mineralized and cumulative CO 2 -C evolved (Fig. 4a) . There was also a strong relationship between measured and predicted gross N mineralized (R 2 5 0.944) (Fig. 4b ) when Eq.
[3] from Murphy et al. (2003) was used. However, predicted gross N mineralization rates were underestimated using this relationship (slope 5 0.382).
Amendment Characteristics
The chemical characteristics of the amendments are given in Table 1. The NH 4 1 -N to NO 3 2 -N ratio was .0.16 in all amendments, with the exceptions of VER which was not significantly different from 0.16 and SBC which was ,0.16. The lignin to total N ratio of the products ranged between 5.7 for GWCb and 1.25 for PP. The spectra for the organic amendments differed mainly in the carbonyl-C (190-165 ppm), O-alkyl-C (140-110 ppm), and alkyl-C (45-0 ppm) regions (Table 3) . As decomposition proceeds the alkyl signal increases and the O-alkyl signal decreases (Webster et al., 2001) . Ranking amendments in order of decomposition based on either alkyl-C or O-alkyl-C contents gave the same result, PP , GWCb , GWCa , SBC , VER, with PP being the least decomposed. The green waste-based composts (GWCa and GWCb) had the same alkyl-C to O-alkyl-C ratio of 0.19, PP had a ratio of 0.22, SBC a ratio of 0.41, and VER had the highest value with 0.44. Ranking amendments on their ash content also indicated that PP was the least stable product (PP , GWCb , GWCa , VER , SBC).
Influence of Amendment Quality on Carbon and Nitrogen Mineralization
Spearman's rho correlations indicated that the cumulative amounts of gross N mineralized were significantly correlated to the products initial total N (r 5 0.919, p 5 0.003) and total C content (r 5 0.929, p 5 0.003) and Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved. 1 -N to NO 3 2 -N, and alkyl-C to O-alkyl-C) indicated significant relationships (p , 0.05) with either the cumulative amounts of C or N mineralized.
DISCUSSION
Processes such as composting cause organic compounds to stabilize reducing the proportion of C and N held in soluble form (Gigliotti et al., 2002) . Mature composts that have undergone the complete composting process have a much higher proportion of stable materials than immature or noncomposted products (Bernal et al., 1998c) . Hence, the application of composted amendments (as opposed to raw manures and noncomposted amendments) to soil can reduce the immediate leaching risks when crops are small and N demand is low. A C to N ratio of ,12 has been suggested to indicate a mature compost product (Bernal et al., 1998b) ; by this standard PP, SBC, and VER should all behave in a similar manner, as ''mature'' amendments. While VER behaved as a mature amendment, the others did not, indicating that the total C to N ratio did not always predict the behavior of the organic amendments in soil. This is supported by other studies that suggest it is the quality of C and N rather than the total amounts that have the greatest influence on decomposition (KogelKnaber, 2002; Vigil and Kissel, 1995; Wang et al., 2004b) .
Other measures suggested to indicate mature and stable composts include cumulative CO 2 -C evolution values equivalent to ,25% of the total C applied and a NH 4 1 -N to NO 3 2 -N ratio of ,0.16 (Bernal et al., 1998b (Bernal et al., , 1998c . Applying these parameters to the tested amendments indicated that the PP treatment was the most immature and unstable product. Straw-based compost was the only amendment with a NH 4 1-N to NO 3 2 -N ratio of ,0.16; however, VER was not significantly different from 0.16. The CO 2 -C evolution values also indicate SBC and VER were the most stable amendments tested. The ash content generally increases and the CO 2 -C evolution rate decreases as the composting process continues and a more stable product is achieved (Wang et al., 2004a) . Again these parameters indicated that the PP treatment was the least stable product, followed by GWCa and GWCb and then SBC and VER. Carbon characterization and 13 C NMR spectra also suggest that PP was the least stable treatment as it had a higher proportion of degradable material than the other products. The ''matured'' compost, GWCb, was in fact Table 3 . Characterization of the total carbon as determined by the distribution of the 13 C nuclear magnetic resonance (NMR) signal for each amendment. Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
more like an immature, unstable product than the younger compost, GWCa. While every attempt was made to ensure that the two green waste-based composts were the same (with the exception of a maturation phase), the results of the chemical analysis suggest that this was not achieved. GWCb had a higher C to N ratio, higher content of O-alkyl-C, lower content of alkyl-C, lower ash content, higher cellulose content, higher NH 4 1 -N to NO 3 2 -N ratio, and higher lignin to total N ratio than GWCa. GWCb also had initially higher CO 2 -C evolution rates and higher MB-N concentrations than GWCa, again indicating a less stable product. We suggest that this is a reflection of the variability in the waste source used (possibly different combinations of plant types in the green waste collected), resulting in differences in the composition of the two composts that override any effect of the extended ''maturation'' phase.
Soils amended with less stabilized products had higher MB-C concentrations than those with more stabilized materials which has also been found by other authors (Paul and Solaiman, 2004; Sanchez-Monedero et al., 2004) . The initial flush in microbial biomass is partly due to microbes added with the product (Perucci, 1992) with the early stages of the composting process having higher microbial biomass than later stages (Mondini et al., 1997; Sanchez-Monedero et al., 2004 ). However, the major cause for an increase in the microbial populations in amended soils is due to the increase in available C as a food source to allow populations to quickly multiply given many of the species introduced with the compost die soon after amendment (Sastre et al., 1996) . SanchezMonedero et al. (2004) found that MB-N concentrations from matured compost samples reached concentrations similar to the control samples after 60 d of incubation and that MB-N measurements were erratic due to the concentration of inorganic N present in the soil. In general none of the amendments tested in this study had MB-N or MB-C concentrations decline to values of the control soil. Gigliotti et al. (2002) concluded that urban waste compost offered no labile organic matter that would serve as an energy source for microorganisms and suggest that less processed materials such as sewage sludge or pig slurry are a better microbial food supply. Our results indicate that the composted products did have less available organic matter than the less processed product (e.g., PP). However, all the amendments tested were able to supply enough organic matter for microbial energy for at least 142 d as evident in the both the microbial biomass and CO 2 -C evolution traces ( Fig. 1 and 2) .
The amount of lignin and recalcitrant C has been suggested to reduce the rate of N mineralization (Vigil and Kissel, 1995) , as this C is resistant to most forms of microbial attack (Kogel-Knaber, 2002) . Ranking products in the order of initial lignin content did not correspond to the same ranking as gross N mineralization rates for Day 3, nor to the cumulative amount of gross N mineralized over the length of the incubation. Wang et al. (2004b) found the lignin to total N ratio and the ratios between carbonyl-C, aryl-C, and O-aryl-C contents to be significantly correlated to cumulative CO 2 -C evolved after 160 d of incubating various plant residues, yet there were no significant correlations for those parameters in this study. The lignin to total N ratios in this study were not significantly related to the amount of N mineralized as has also been reported by other authors (Rowell et al., 2001) . Rowell et al. (2001) found the alkyl-C contents were correlated with net N mineralization. We found no relationship between the alkyl-C values and either net or gross N mineralization. Of the C quality parameters we tested, the cellulose, lignin, and ash contents were the only ones to have an influence on amounts of gross N mineralized. The total C and total N contents of the amendments both had significant effects on N mineralization. Booth et al. (2005) also suggest that the total C and total N content of soils will have a large impact on gross N fluxes.
Given that the mineralization processes involved in the N cycle are biotic it would stand to reason these processes would be higher in soils with a higher microbial biomass and activity (Bengtsson et al., 2003) , providing other factors are the same. In the PP-amended soils the highest gross N mineralization rates were obtained on the same days as the high MB-C and CO 2 -C evolution rates were recorded (Table 2, Fig. 1 and 2) ; however, this was not the case in all treatments. This may be due to the quality of C and N in the organic amendment, or because the proportion of the microbial biomass that is active in each amended soil is different. Microbial biomass as measured by fumigation-extraction is a measure of the total biomass, not just the active fraction (Ross, 1991) , which may be why in this and other studies (Bengtsson et al., 2003) it has been poorly correlated to N mineralization rates.
Cumulative gross N mineralized in the PP treatment was greater than 100% of the N contained within the amendment. This could reflect the fact that there is rapid recycling of the same NH 4 1 molecules through mineralization-immobilization turnover within the closed system. Previously, Murphy et al. (1998) calculated a residence time of ,5 d for the NH 4 1 pool in a Western Australian loamy sand when moisture was not limiting. Given the preference for microbial immobilization of NH 4 1 , compared to NO 3 2 , and the typically small NH 4 1 pool size in control soils of the current study, it is to be expected that the residence time of NH 4 1 is short. The 15 N isotopic pool dilution technique quantifies a flux rate over a period of only a few days (typically ,3 d) to avoid remineralization but does not distinguish between N that is being mineralized directly from the organic residue source and N that is derived from the microbial biomass turning over and releasing the previously immobilized residue N. Thus during a long-term incubation study in a closed system it is likely that the same N becomes ''counted'' more than once as mineralization-immobilization turnover and subsequent remineralization occurs. Murphy et al. (2003) highlighted this issue with data from Cookson et al. (2002) where incorporation of plant residues containing 403 mg N kg 21 resulted in cumulative gross N mineralization rates of nearly 800 mg N kg 21 . Recoveries above 100% have also been reported in compost sludge incubation studies (Ambus et al., 2002 ) ambient 14 NH 4 1 pool size. This could also contribute to a cumulative gross N mineralization rate above 100%. However, PP fits the linear relationship between CO 2 -C evolved and gross N mineralization (Fig. 4a) suggesting that gross N mineralization rates were not grossly overestimated.
Although the overall net N mineralization rates were similar for all treatments, the amount and timing of inorganic N release were different. In terms of application of amendments to horticultural soils an amendment such as GWCb, which had lower total inorganic N values than the control, would have to be carefully managed to ensure adequate inorganic N was in the soil at the time of plant N demand. Managers considering application of a relatively unprocessed amendment like PP need to know that it is likely to increase microbial biomass size and activity, and release large amounts of N into the soil system soon after application but not contribute to the long-term buildup of SOM. This is particularly likely in irrigated systems of warm environments, such as those in Western Australia, which provide ideal microbial growth conditions. As organic amendments are applied to these systems before planting the N demand by the crop is low and the early release of NH 4 1 -N is unlikely to be used, hence potentially nitrified and at risk of being lost from the systems via leaching. Thus the rate and timing of PP applications need to consider the N requirements of the given crop to ensure efficient use of N and minimize potential NO 3 2 -N leaching hazards into surrounding urban water sources, especially where algal blooms are known to occur.
CONCLUSIONS
It is generally accepted that C and N cycling within soil is intrinsically linked and that the degree to which a soil amendment will impact on these cycles will depend on the quality of that amendment. Here we found a significant relationship between C mineralization and gross N mineralization. While net N mineralization rates were not significantly different between treatments, there were differences in gross N mineralization rates reflecting differences in the magnitude of N cycling between amendments. Previous studies have suggested the use of 13 C NMR shift regions or their associated ratios as a predictor of the N release capacity of a residue. We found no such relationships to CO 2 -C evolution and gross N mineralization rates. The amount of gross N mineralized was, however, significantly related to the total C and N, cellulose, lignin, ash, and NO 3 2 -N contents of the amendments. There were also significant relationships (p , 0.05) between the cumulative amounts of CO 2 -C evolved and the total C and ash content of the amendments. Further research is required to provide quantifiable indicators of maturity status, as it is imperative that landholders can manage the application of organic amendments to soil through accurate knowledge of their maturity status and thus nutrient release characteristics.
